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We have calculated the concentration of ions in the plasma produced upon ablation of LiNbO3 with
a low fluence ArF excimer laser in vacuum and different gas environments ~Ar and O2). The model
shows that Li and Nb ions ~with the amount of Li ions being greater than that of Nb ions! are the
most abundant in the plasma with their concentrations being always above their corresponding
neutral densities. In addition, we show that the concentration of excited Nb ions is relatively
important while no excited Li ions are predicted. We found that the concentration of both Li and Nb
ions in O2 is slightly higher than in Ar and vacuum. Moreover, the calculated spatial evolution of
the ionic species suggests that a significant fraction of the predicted ion concentration is not
produced by electron–atom ionization events within the plasma; on the contrary, they might have
been produced in the LiNbO3 crystal through a nonthermal mechanism and then ejected from the
target after the laser pulse. © 2003 American Institute of Physics. @DOI: 10.1063/1.1628383#I. INTRODUCTION
Pulsed laser deposition ~PLD! has become a very prom-
ising tool for both advanced micromachining and high qual-
ity thin film deposition for different technological
applications.1 However, in many cases, the underlying mi-
croscopic plasma processes leading to high quality films re-
main obscure. In particular, the growth of good quality
LiNbO3 thin films by PLD has not been achieved in vacuum
starting from a crystalline target. Instead, gas mixtures at 0.4
Torr of Ar and 0.1 Torr of O22 or pure atmospheres of Ar or
O2 at approximately 1 Torr are needed to obtain stoichio-
metric films of good crystallographic quality.3 In this regard,
it is important to determine the species ~electrons, neutrals,
and ions! concentration in the plasma together with their
corresponding kinetic energy distributions. In particular, the
film growth process benefits from a number of effects caused
by the plasma ions such as, for instance, their positive influ-
ence on the degree of crystallographic orientation, composi-
tion, and grain size of polycrystalline films.4 On the contrary,
self-sputtering caused by energetic ions can lead to nonsto-
ichiometric films.4
In order to investigate the role played by the plasma ions
in connection with the deposition of thin films by PLD, a
number of investigations have been undertaken. In this re-
gard, Schou and co-workers5–9 have performed different ex-
perimental works to clarify the dynamics of the ions ejected
upon laser ablation of metals together with their correspond-
ing energy distributions. However, the works dealing with
the study of the ions formed during ultraviolet ~UV! laser
ablation of wide band gap dielectric materials are much more
scarce.10,11
In the present work, we have used an analytic approach
to quantify the concentrations of neutrals and, especially, of
a!Author to whom correspondence should be addressed; electronic mail:
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Downloaded 16 Feb 2012 to 161.111.22.69. Redistribution subject to AIP liions present in the plasma formed after irradiating a rela-
tively wide band gap ~;4 eV! dielectric material such as
LiNbO3 with an ArF excimer laser ~photon energy56.4 eV!
working at a relatively low fluence of 1.2 J cm22 and an
angle of incidence of 45°. The latter fluence and angle of
incidence are chosen because they are the ones typically used
to grow good quality LiNbO3 films for which, in addition,
we have previously measured12,13 the values of the electron
density and electron temperature used as input parameters of
the present model. The approach chosen here is based on
previous results indicating the existence of local thermody-
namic equilibrium ~LTE! in the laser-produced plasma under
the conditions of interest for the deposition of LiNbO3
films.12–15
The present model predicts that the ion concentration in
the plasma is always several times greater ~up to 60 and 20
times, respectively, for Li and Nb ions in vacuum! than their
corresponding concentration of neutrals. This result is impor-
tant since ions are generally more energetic than neutrals
and, consequently, can have a deeper influence on the thin
film growth process. Close to the substrate where the film
growth takes place, the model predicts a slightly higher Li
ion concentration ~especially in O2) than that of Nb ions.
However, the concentration of Nb neutrals is always greater
~by about four times! than that of Li neutral atoms. When
considering different gas environments, the concentration of
neutrals is highest in O2 , followed by Ar and vacuum. Fi-
nally, we have also predicted that the concentration of ex-
cited Nb ions in the laser produced plasma is relatively im-
portant and that the total ionization degree of the plasma is
quite high, reaching values of almost 0.3 near the target.
The fact that the concentrations of ions are considerably
higher than those of neutrals suggests that, as has been pro-
posed by Dickinson and co-workers10,11 for the case of MgO,
the UV laser light might induce an important emission yield
of photoelectronic ions and electrons due to the probable7 © 2003 American Institute of Physics
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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the low ionization potential ~5.4 eV! of Li atoms, the UV
radiation used can directly photoionize Li atoms in the solid.
After the laser pulse, the Li ions would be ejected according
to an electrostatic mechanism similar to the one proposed by
Dickinson et al.16
According to the above described picture for LiNbO3
ablation, the fact that stoichiometric films can be synthesized
by PLD in Ar or O2 atmospheres at 1 Torr rather than in
vacuum might be connected to the more abundant Nb, Li,
and O neutral atoms in O2 and Ar close to the target. In
addition, the presence of a higher concentration of Li ions in
O2 might contribute to the deterioration of the crystallo-
graphic quality of the films obtained in O2 compared to those
synthesised under Ar.3
Finally, we also have to consider that, in vacuum and
low pressures ~0.01 Torr!, the lighter species ~Li and O! are
lost due to their broader angular distributions with respect to
the heavier ones ~Nb!.17 However, when gas environments
~at pressures of >1 Torr! are used, light species are redi-
rected towards the center line ~between target and substrate!
of the plasma due to collisions with the surrounding gas.18
Therefore, in spite of the fact that the predicted concentra-
tions of Li and Nb ions are similar in vacuum and gas, more
Li and Nb ions would reach the growing film within O2 and
Ar due to the above mentioned scattering process.
II. APPROACH
Previous kinetic studies of the plasma formed after the
laser ablation of LiNbO3 crystals show that the measured
electron densities are high enough (;1016 cm23) to keep
LTE.14 These calculations showed that the possible nonequi-
librium caused by radiation losses ~assuming an optically
thin plasma! is minimum since the excited Li atoms concen-
trations were quite close to their corresponding Boltzmann
~equilibrium! distributions.14 Taking this into account, we
have considered the Saha relationship between the plasma
electrons and the different ionic and neutral species of the
plasma together with two more equations accounting for, re-
spectively, the macroscopic electrical quasineutrality of the
plasma and the congruent laser ablation of the LiNbO3 tar-
get.
We can assume that the highest ion concentrations in the
plasma correspond to Li1 and Nb1 because: ~i! The presence
of LiO molecules, with a relatively low ionization potential
of 8.4 eV, within O2 atmospheres is not expected since their
formation implies an endothermic reaction of Li with O2 .19
~ii! The ionization energies of Li ~5.39 eV! and Nb ~6.88 eV!
are the lowest ones among the expected species: O ~13.6 eV!,
O2 (12.07 eV), and NbO ~;10 eV!. Thus, our equations can
be written as
NLi
1
NLi
5A5
2ZeZLi
1
NeZLi
e2e i
Li/kTe
, ~1!
and
NNb
1
NNb
5B5
2ZeZNb
1
NeZNb
e2e i
Nb/kTe
, ~2!Downloaded 16 Feb 2012 to 161.111.22.69. Redistribution subject to AIP liwhere Ne is the electron density, and NLi,Nb and NLi,Nb
1 are
the total ~ground and excited! number density of, respec-
tively, Li and Nb neutrals and ions in the plasma. Moreover,
Ze , ZLi,Nb , and ZLi,Nb
1 are, respectively, the translational elec-
tronic partition function and the atomic ~Li and Nb! and
ionic (Li1 and Nb1) electronic partition functions. Finally,
e i
Li,Nb are the ionization energies of Li and Nb atoms in their
ground state and Te is the electron temperature. We have
disregarded the lowering of the ionization potentials in Eqs.
~1! and ~2! because their expressions in the Debye approach
lead to very small values ~around 0.05 eV! for the measured
Ne and Te used as input data.12,13 It is important to note that
the plasma parameters Ne and Te , which have been used for
the present work, are time integrated so that the calculated
atomic and ionic densities represent a ‘‘kind’’ of time aver-
age.
The equation stating the electrical quasineutrality of the
plasma is
NLi
11NNb
1 5N1>Ne . ~3!
Finally, the expression considering the congruent laser abla-
tion of the LiNbO3 crystal states that
3NLi
TOTAL53NNb
TOTAL5NO
TOTAL
, ~4!
where
NLi
TOTAL5NLi
11NLi ,
NNb
TOTAL5NNb
1 1NNb , ~5!
NO
TOTAL>NO .
Since both Ne and Te are known spectroscopic data previ-
ously measured in vacuum and Ar and O2 ,12,13 we have the
following solutions to expressions ~1!–~5!:
NNb5
Ne~A11 !
~A11 !B1A~B11 ! ,
NNb
1 5BNNb , ~6!
NNb
TOTAL5NNb~B11 !,
and
NLi5
Ne2BNNb
A ,
NLi
15ANLi , ~7!
NLi
TOTAL5NLi~A11 !,
with the total amount of ejected oxygen ~without considering
the oxygen coming from the O2 atmosphere! being given by:
NO
TOTAL533NLi
TOTAL
.
Once we have obtained the total amount of ions (NLi1 and
NNb
1 ) we can derive the number densities of Li and Nb ions
excited to level i, that is, NLi(i)
1 and NNb(i)
1
, through the well
known Boltzmann relationship
NLi~ i !,Nb~ i !
1 5
NLi,Nb
1 3gi
Li~ i !
1
,Nb~ i !
1
ZLi,Nb
1
e2e i
Li
~ i !
1
,Nb
~ i !
1
/kTe
, ~8!cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Li1(i),Nb1(i) and gi
Li1(i),Nb1(i) state for, respectively,
the excitation energy and the degeneracy of the correspond-
ing excited state i of the ions considered. In general, only the
concentrations of excited Nb ions are of some importance
since the lowest excited level of Li1 is roughly 62 eV above
the ground ionic state.20
Finally, we define the partial ionization degrees of Li and
Nb, rLi , rNb , and the total ionization degree of the plasma,
rTOTAL, as
rLi5
NLi
1
NLi
11NLi
, rNb5
NNb
1
NNb
1 1NNb
, ~9!
and
rTOTAL5
N1
N11Ne1NLi1NNb1NO
. ~10!
The spectroscopic constants needed to evaluate the par-
tition functions are obtained from the Kurucz atomic line
database maintained by the Harvard–Smithsonian Center for
Astrophysics.21 We should also add that in order to have an
accurate evaluation of the atomic and ionic electronic parti-
tion functions of Li and Li1, we only needed to consider five
and one ~the ground level! energy levels, respectively. How-
ever, for evaluating the atomic and ionic electronic partition
functions of Nb and Nb1 we have considered 54 and 128
energy levels, respectively.
It is important to note that the Saha equations ~1! and ~2!
are simply a limit case of a more general expression for the
ratio between the concentration of a singly ionized ion (Na1)
and that of the corresponding neutral atom (Na) given by22
Na
1
Na
5
S1c
a
Nebc1
a 1hc1Ac1
a
, ~11!
where S1c
a is an electron-impact ionization rate coefficient,
and bc1
a and Ac1
a are the three body collisional recombination
and the radiative recombination rate coefficients, respec-
tively. The quantity hc1 is a radiation escape factor account-
ing for the amount of radiation that leaves the plasma as a
consequence of radiative recombination events. In our laser-
produced plasma, we have that Ne3bc1
a @hc13Ac1
a
, that is,
the Saha limit dominates over the corona limit. The latter is
true even assuming hc151, that is, when maximum depar-
ture from equilibrium could be caused due to radiation es-
cape. Thus, the three body collisional recombination exceeds
radiative recombination because, for the measured Ne and Te
in our plasma, the condition Ne.3.131013
3Te (eV)3.75 cm23 for such a dominance is fulfilled ~al-
though the latter criterion is only rigorously true for hydro-
genlike ions!.23
III. RESULTS AND DISCUSSION
The present model predicts how the spatial evolution of
the concentrations of Li and Nb ions can be greater @see Figs.
1~a! and 1~b!# by up to 1 order of magnitude than the con-
centrations of neutral atoms of Li and Nb. Moreover, the
amount of Li and Nb ions is higher in O2 environments than
in Ar and vacuum. Close to the substrate where the thin filmDownloaded 16 Feb 2012 to 161.111.22.69. Redistribution subject to AIP ligrows, the amount of Li ions is slightly higher than that of
Nb ions but, on the contrary, the concentration of Nb neutral
atoms exceeds that of Li neutrals independently of the gas
environment. In addition, more neutrals are predicted in O2
than in Ar and vacuum.
It is interesting to note that, as can be seen in Fig. 2, the
relative concentrations of ions with respect to neutrals of the
same kind are always above one. In fact, in vacuum, these
ratios can reach values of up to 60 and 20 near the ablated
target for the cases of Li and Nb, respectively. In contrast,
when the laser ablation process takes place in 1 Torr of O2 or
Ar, the calculated ion to neutral ratio reduces to almost half
its vacuum value in the neighborhood of the target. The high
density of ions obtained during the laser ablation of LiNbO3
for which Ne and Te ~the input data of the present calcula-
tions! were measured12,13 can be tentatively explained in
terms of different mechanisms: ~i! direct photoionization of
neutrals either emitted or in the solid, both mechanisms be-
ing possible in the case of Li since the energy of the laser
photons exceeds the ionization energy of Li atoms; ~ii!
electron-impact ionization of Li and Nb atoms in the plasma;
and ~iii! an important photoemission yield of ions and elec-
trons is expected ~due to the presence of defects! upon ab-
sorption of UV radiation of some wide band gap
FIG. 1. Concentrations of: ~a! Li and ~b! Nb species both for neutrals in
1 Torr O2 ~m!, 1 Torr Ar ~d!, and vacuum ~j!, and ions in 1 Torr O2 ~n!, 1
Torr Ar ~s!, and vacuum ~h!. The lines are a guide for the eye.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Dickinson and co-workers have observed intense emission of
Mg ions upon low fluence UV ~248 nm! irradiation of MgO
targets.10,11 However, this behavior does not seem to be
shared by all kinds of wide band gap dielectrics since ~also
using 248 nm! it fails in, for instance, the case of NaNO3 .24
In our case, the short wavelength used ~193 nm! could en-
hance the laser light absorption by LiNbO3 since the absorp-
tion coefficient in solids is proportional to l21. In spite of
this, no experimental research has been done in order to
clarify the photoemission yield of ions from UV ablated
LiNbO3 crystals.
In Fig. 3 we show the concentrations of excited Nb ions
corresponding to two distant energy levels. The highest den-
sity (;1015 cm23) corresponds to scarcely excited Nb ions
;0.099 eV above ground while the lower concentration
(;1012 cm23) is the one of highly excited Nb ions ;5.029
eV above ground. The presence of the latter highly excited
FIG. 2. Relative concentrations NLi1/NLi in 1 Torr O2 ~m!, 1 Torr Ar ~d!, and
vacuum ~j!, and NNb1 /NNb in 1 Torr O2 ~n!, 1 Torr Ar ~s!, and vacuum ~h!
as a function of the distance to target. The lines are a guide for the eye.
FIG. 3. Concentration of excited Nb ions in the plasma as a function of the
distance to target in vacuum ~j!, 1 Torr O2 ~m!, and 1 Torr Ar ~d!. The
labels ~1! and ~2! correspond, respectively, to Nb ions excited to the energy
levels e150.099 eV and e255.029 eV. The lines are a guide for the eye.Downloaded 16 Feb 2012 to 161.111.22.69. Redistribution subject to AIP liNb ions was detected by optical emission spectroscopy
~OES! since the emission transition between levels 5.029 and
2.4413 eV of excited Nb ions corresponding to 478.9 nm was
used in previous works to measure Te .12,13 In spite of this,
only a few transitions from excited Nb ions could be clearly
identified detected by OES. Thus, these highly excited Nb
ions can also radiatively decay upon arrival to the growing
LiNbO3 film affecting its quality in a not yet completely
explored way. According to Fig. 3, the concentration of ex-
cited Nb ions seems to be similar within vacuum and gas.
Finally, we must note that excited Li ions are not predicted in
our plasma since the first excited level of a singly ionized Li
ion is approximately 62 eV above ground.
An important feature of plasmas is its ionization degree.
In Figs. 4~a! and 4~b! we show the total ionization degree of
our laser-produced plasma together with the partial ioniza-
tion degrees of Li and Nb. We found that the laser-produced
plasma exhibits the highest total ionization degree when la-
ser ablation is performed in vacuum. Moreover, while it re-
mains practically constant in vacuum ~0.28–0.27! and Ar
~0.26!, it decreases slightly from 0.27 to 0.24 in O2 . How-
ever, what in our opinion is more interesting is that, accord-
FIG. 4. ~a! Total ionization degree of the laser produced plasma in 1 Torr O2
~m!, 1 Torr Ar ~d!, and vacuum ~j!; and ~b! partial ionization degrees of Li
in 1 Torr O2 ~m!, 1 Torr Ar ~d!, and vacuum ~j!, and Nb in 1 Torr O2 ~n!,
1 Torr Ar ~s!, and vacuum ~h! as a function of the distance to target. The
lines are a guide for the eye.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
7431J. Appl. Phys., Vol. 94, No. 12, 15 December 2003 F. J. Gordillo-Va´zquez and J. Gonzaloing to Fig. 4~b!, Li atoms are almost completely ~singly!
ionized (0.92<rLi<0.97) independently of the gas environ-
ment. The partial ionization degree of Nb atoms is also quite
high, although it varies in a wider interval (0.65<rNb
<0.95) than rLi . In any case, the relatively low average
electron energies ~0.65–0.8 eV! measured in these
plasmas,12,13 together with our present results indicating a
fewer number of Li and Nb neutrals than ions, suggest that
an important part of the predicted ion concentration is not
produced by electron–atom ionization events within the
plasma. On the contrary, many plasma ions might have been
produced ~through a nonthermal mechanism! in the LiNbO3
crystal being ejected further on. This result can also be par-
tially deduced from the fact that whereas the spatial concen-
trations of excited Li and Nb atoms reach their maximum
values a few millimeters away from the target ~indicating
electron–impact excitation!,14,25 the concentration of ions is
already maximum @see Figs. 1~a! and 1~b!# right at the target
position either in vacuum, O2 or Ar. Thus, a high partial
ionization degree in low fluence laser-produced plasmas used
for PLD of dielectrics could be considered as a distinct sign
for an electronic rather than thermal ejection mechanism.
In Figs. 5~a! and 5~b! we see the predicted relative pro-
FIG. 5. Relative concentrations ~a! NLi1/Ne in 1 Torr O2 ~m!, 1 Torr Ar ~d!,
and vacuum ~j!; and ~b! NNb1 /Ne in 1 Torr O2 ~m!, 1 Torr Ar ~d!, and
vacuum ~j! as a function of the distance to target. The lines are a guide for
the eye.Downloaded 16 Feb 2012 to 161.111.22.69. Redistribution subject to AIP liportion of Li and Nb ions to electrons in the plasma.
Roughly speaking, whereas the maximum plasma positive
charge due to Li ions is 60% ~in O2), the one corresponding
to Nb ions is below 50% ~in vacuum!.
A clear vision of the relative ~Ar, O2 to vacuum and Ar
to O2) concentrations of ions in the laser-produced plasma
can be obtained from a look at Figs. 6~a! and 6~b!. From Fig.
6~a!, we see that whereas in O2 the amount of Li ions is
always equal to or higher than in vacuum, the Li ions in Ar
are, in general, below their concentration in vacuum and,
consequently, below that in O2 . Similar features are ob-
served in Fig. 6~b! regarding Nb ions. In the latter case, the
concentration of Nb ions far from the target reaches similar
values in O2 , Ar, and vacuum. The fact that, according to the
model, there is more plasma ions in O2 than in Ar might
explain the lower crystallographic quality of the LiNbO3
films grown within O2 when compared to those grown in
Ar.3
Finally, in Fig. 7 we have represented the relative con-
centrations of Li to Nb atoms and that of Li to Nb ions,
respectively. We see that there are four times more Nb neu-
trals than Li neutrals. This proportion remains constant as we
move away from the target independently of whether the
FIG. 6. Relative ~a! Li (NLi1R ) and ~b! Nb (NNb1R ) ion concentrations in the
different gas environments considered in the present work: 1 Torr O2 to
vacuum ~m!, 1 Torr Ar to vacuum ~d!, and 1 Torr Ar to 1 Torr O2 ~j!. The
lines are a guide for the eye.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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However, the number of Li ions is slightly higher in Ar and
O2 than in vacuum.
The results discussed in this work are of a kinetic nature.
This means that, starting from the known Ne and Te values,
we have considered the underlying radiative and inelastic
collisional processes that lead us to estimate the concentra-
tions of the different plasma species that can be subsequently
activated by electronic collisions. We should, however, re-
member that, at sufficiently high pressures, hydrodynamic
effects might additionally contribute to shape the lightest
particle concentrations.18,19 The latter effect was clearly evi-
denced by Chaos et al.19,26 for the case of the delayed emit-
ted ground Li atoms from LiNbO3 . These Li atoms cannot
be electronically activated since their time scale ~of up to 1
ms after the laser pulse!19 is much longer than the one of the
plasma electrons ~1–2 ms!.12 Therefore, here we have not
evaluated the concentration of the delayed emitted ground Li
atoms.
IV. CONCLUSIONS
One of the most important results of this work is that
ions rather than neutral atoms are the dominant species in the
plasma produced after irradiating a LiNbO3 target with a
pulsed low fluence ~1.2 J cm22! ArF excimer laser ~l5193
nm! in vacuum, O2 , and Ar atmospheres. In general, the
concentration of ions in O2 is slightly higher than in Ar and
vacuum, a result that might explain the lower crystallo-
graphic quality of the LiNbO3 films grown within O2 when
compared to those grown in Ar. In addition, we found that
whereas the amount of neutrals ~Li and Nb! is the highest
within O2 , the concentrations of Nb neutrals in O2 , Ar, and
vacuum are about four times greater than that of Li.
We have also predicted the presence of excited Nb ions
in the plasma. This prediction is qualitatively confirmed by
previous experiments where some of the predicted excited
Nb ions were detected by OES.
FIG. 7. Relative concentrations NLi /NNb in 1 Torr O2 ~m!, 1 Torr Ar ~d!,
and vacuum ~j!, and NLi1/NNb1 in 1 Torr O2 ~n!, 1 Torr Ar ~s!, and vacuum
~h! as a function of the distance to target. The lines are a guide for the eye.Downloaded 16 Feb 2012 to 161.111.22.69. Redistribution subject to AIP liThe relatively low average electron energies measured in
these plasmas, together with the prediction of a fewer num-
ber of Li and Nb neutrals than ions and very high partial
ionization degrees, suggest that an important part of the pre-
dicted ion concentration is not produced by electron–atom
ionization events within the plasma. On the contrary, many
plasma ions might have been produced in the LiNbO3 crystal
through a nonthermal ejection mechanism. However, the pre-
dictions stated in the present work indicating that, during
irradiation of LiNbO3 with pulsed low fluence UV lasers, the
concentration of ions exceeds that of neutrals requires further
experimental investigation and verification.
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